Previous work has led to the identification of a novel class of effector molecules [DIFs (differentiationinducing factors) 1-3] released from the slime mould Dictyostelium discoideum. These substances induce stalk-cell differentiation in Dictyostelium discoideum and are thought to act as morphogens in the generation of the prestalk/prespore pattern during development. The DIFs are phenylalkan-1-ones, with chloro, hydroxy and methoxy substitution on the benzene ring. DIFs 1-3 and a number of their analogues have been synthesized by using a simple two-step procedure, and each analogue has been characterized by m.s., u.v. and n.m.r. spectroscopy. The crystal structure of synthetic DIF-1 [1-(3,5-dichloro-2,6-dihydroxy-4-methoxyphenyl)hexan-l-one, was investigated. The specific biological activity of each analogue was determined in a bioassay, where isolated Dictyostelium amoebae are induced to differentiate into stalk cells. The major biologically active substance, DIF-1, caused 5000 stalk-cell differentiation at 1.8 x 10-10 M; the C4 alkyl homologue (DIF-2) and C6 homologue possessed 40 and 16 % of the activity of DIF-I respectively. Further increase or decrease in the alkyl chain length resulted in a marked decrease in specific activity. The pattern of substitution on the benzene ring is a major determinant of bioactivity, since the specific activities of the 2,4-dihydroxy-6-methoxy and trihydroxy analogues were less than 1 % of that of DIF-1. Substitution of bromine in DIF-I had little effect on bioactivity; in contrast the activity of monochloro-DIF-1 (DIF-3) was diminished. There was no evidence for antagonism or synergy between DIF-I and any of its analogues. This series of analogues will facilitate further studies in the biological effects and mode of action of DIF-1.
INTRODUCTION
The cells of the slime mould Dictyostelium discoideum grow as single amoebae, but when starved they aggregate in response to propagating waves of cyclic AMP to form a multicellular organism which transforms itself into a migrating 'slug' (Loomis, 1982; Gerisch, 1987) . Within this slug there is a simple spatial pattern of cell differentiation with prestalk cells in the anterior and prespore ceHs in the posterior. This pattern reflects the final stalk/spore proportion of the mature fruiting body. Stalk-cell differentiation in vitro can be induced by DIF (differentiation-inducing factor)-l (Town et al., 1976; Brookman et at., 1982) , a factor released by developing cells which has recently been defined as 1-(3,5-dichloro-2,6-dihydroxy-4-methoxyphenyl)hexan-1-one (Morris et al., 1987) . Smaller amounts (in terms of bioactivity) of the C4 homologue (DIF-2) and monochloro analogue (DIF-3) are also released Morris et al., 1988) . DIFs 1-3 are of great interest both chemically and biologically. Chemically they represent a new, and possibly more widespread, class of effector molecules, and there is preliminary evidence that they are present in other dictyostelid species (Brookman et al., 1982) . Biologically, DIF-1 is a key regulatory molecule in Dictyostelium development and appears to induce the differentiation of a new cell type, the prestalk cell (Kopachik et al., 1983 (Kopachik et al., , 1985 Williams et al., 1987) . Together with other diffusable signals, such as cyclic AMP, adenosine and NH3. DIF-1 may be involved in generating the prestalk/prespore pattern in the aggregate Weijer & Durston, 1985; Schaap & Wang, 1986; Williams, 1988) . The generation of such spatial patterns is a fundamental problem in developmental biology and is thought to involve gradients in the embryo of signal substances such as DIF-1 (Wolpert, 1971; Gross et al., 1981) .
DIF-1 is very potent, with measurable biological activity at 10-10 M ; the present study) and is able to induce the transcription of the pDd63 prestalk-specific mRNA within 15 min of addition to responsive cells . It thus seems certain that DIF-1 must have a specific receptor, and it is possible, given the novel nature of DIF-1, that this receptor couples to a response pathway having some novel features (Gross et al., 1983 has been facilitated by the use of a range of effector analogues. These can be used to define separate classes of related receptors, where such exist (Lefkowitz et al., 1983) , to reveal details of receptor-ligand interaction (Van Haastert & Kein, 1983) and to provide information for the design of specific labelled probes and affinity matrices for the purification of the receptor. In the work described here, we have developed a simple synthetic procedure for DIF-1 and related compounds. A number of analogues have been synthesized and their biological activity in the DIF bioassay has been quantified; a potency series has been established which will be invaluable in characterizing the DIF receptor(s).
EXPERIMENTAL
Chemicals were obtained from either BDH Chemicals (Poole, Dorset, U.K.) or Aldrich (Gillingham, Dorset, U.K.), and were of analytical-reagent grade. H.p.l.c. solvents were obtained from Rathburn (Walkerburn, Peeblesshire, Scotland, U.K.). DIF-I and its analogues were synthesized by using the Hoesch reaction, followed by aqueous-phase chlorination. HCI gas was bubbled into 25 ml of anhydrous ether containing 1 mmol each of 3,5-dihydroxyanisole and hexanonitrile in the presence of anhydrous ZnCl2 (2 g). After 72 h in an ice/salt bath, the resulting iminochloride was hydrolysed for 2 h at 100°C in 200 ml of water; the isomeric hexanones were extracted into chloroform. The hexanones were repeatedly chlorinated with chlorine water (20 min, room temp.) and the yield of dichlorinated product monitored by m.s. When optimum chlorination had been achieved, the products were purified by reverse-phase h.p.l.c. Analogues of DIF-1 were prepared similarly by substituting the nitrile, polyhydric phenol or bromine water as appropriate. H.p.l.c. of the synthetic mixture was undertaken on a Waters dual-pump instrument. Samples were chromatographed on a ,tBondapak C18 column, eluting isocratically at 1 ml-min-' in 35 0 (v/v) propanl-ol in aq. 500 (v/v) acetic acid. The h.p.l.c. eluate was monitored at 280 nm and 254 nm and by bioassay.
DIF activity was measured as previously described (Brookman et al., 1982; Table 2 below), which were assayed at close to their lethal concentration. One unit of DIF activity is defined as the amount that will induce 1 % stalk-cell differentiation in the above 2 ml assay. M.s. was undertaken in the electron-impact mode on an MS 50 instrument (Kratos U.K.); the electron energy was set at 70 eV and exponential scans (10 s) obtained over the mass range 50-500 units. Samples were fractionally evaporated from a quartz tip over a temperature range of 100-300 'C. G.c.-m.s. was undertaken on a Finnigan 4500 instrument. Samples were injected at 200 'C in octane on to an SE 54 capillary column. Elution was undertaken with helium as the carrier gas over a temperature gradient (10 0C min-1) from 100 'C to 280 'C. The g.c. column was routed directly into the mass spectrometer, which was operated in the electron-impact mode at 70 eV; 1 s scans over the mass range 70-500 mass units were obtained.
N.m.r. spectra were obtained in [ Crystals of synthetic DIF-I were obtained by crystallization from [2H]chloroform over 14 days. X-raydiffraction data were collected on a Nicolet R3m/Eclipse S140 diffractometer system using an w-scan technique with graphite monochromated Cu-Ka radiation. A total of 2953 independent reflections were measured (to 0 = 50°), of which 668 were judged to be 'unobserved'. The structure was solved by direct methods, and least-squares refinement has reached R = 0.048 and Rw = 0.040.
RESULTS
The Hoesch reaction between 3,5-dihydroxyanisole and hexanonitrile generated two products, the 4-and 6-methoxy isomeric substituted hexanophenones. Controlled chlorination of the mixture produced the corresponding dichlorinated products (DIF-1 and its 6-0-methyl isomer; Scheme 1), further contaminated by mono-and some tri-chlorinated species, as judged by mass-spectrometric analysis. The mixture could be resolved by h.p.l.c. (Fig. 2) . Among the u.v.-absorbing peaks in the h.p.l.c. profile were the two isomeric dichlorinated species (I and II, Fig. 1 ), which were eluted at 31 and 39.5 min respectively. We had shown previously that natural DIF-l is identical with isomer II by h.p.l.c., g.c., m.s. and n.m.r. analysis (Morris et al., 1987) . Here we present in more detail the evidence that isomer I is 1 -(3,5-dichloro-2,4-dihydroxy-6-methoxyphenyl)hexan-I-one, and that isomer II (and hence DIF-1) is the 2,6-dihydroxy-4-methoxyphenyl isomer.
The The Hoesch reaction generates two isomers (4-OMe and 6-OMe), which are then chlorinated to generate 1-(3,5-dichloro-2,6-dihydroxy-4-methoxyphenyl)hexan-1-one (DIF-1, isomer II) and its 6-methoxy isomer (I). Homologues were prepared by replacing hexanonitrile with the appropriate alkyl cyanide. Partial chlorination results in the formation of monochlorinated species. P21/n (no. 14) and Z = 8 units of C13H1,04C12. In the crystal structure of this isomer there are two crystallographically independent molecules, but there are no chemically significant differences between them. The molecular structure is shown in Fig. 2 . In each molecule there is an intramolecular hydrogen bond (shown by the dotted line in Fig. 2a) Kay, 1987) . Most of the non-stalk cells Table 2 . Relative biological activity of DIF-1 analogues Each synthetic compound was tested in a number of independent assays (n) against a DIF-1 standard (bold, 100 %) to minimize variability in the assay. Results are presented as a relative specific activity on a molar basis (± S.D.), normalized to the DIF-1 standard. The molar concentration required to induce 50 % stalk-cell differentiation in the assay (D50) is also shown; where the D50is bracketted, it is a nominal value only, since it is above the lethal concentration for the cells. Pure monochloro-DIF-1 was not available in sufficient quantities to obtain an accurate result in the assay; however, biological activity was always decreased compared with DIF-I (cf. Fig. 2 ).
General structure of DIF:
n-C8H17 n-C8H17 (Kopachik et al., 1985; Williams et al., 1987) .
In preliminary experiments the lethal concentration and approximate activity range was established for each compound. They were then titrated over a 10-20-fold concentration range and the results normalized to a DIF-1 standard titrated at the same time. In this way, the effects of day-to-day responsiveness (up to 5-fold variation) of the tester cells was minimized.
The absolute specific activity of DIF-1 was (136 + 75) x 106 units j-mol-i (n = 16). Thus 10 10 M-DIF-1 should induce about 270% of the amoebae to differentiate into stalk cells: DIF-1 is clearly a very potent effector molecule. At much higher concentrations (2 x 1O-M) DIF-1 became lethal to the low-density cells in the conditions of the stalk-cell-differentiation assay. In other experiments using submerged cells (as in the stalkcell assay), the lethal concentration of DIF-1 was found to vary with cell density and ionic conditions. It can be as high as 2 x 10-6 M with cells at 107/ml, whereas cells developing normally on agar can tolerate up to 2 x 10-5 M (results not shown). Stalk-cell induction and cell killing are presumably mediated by different mechanisms, since the other compounds tested are also lethal in the micromolar range, although some of them are 106 fold less potent at stalk-cell induction than It is apparent from Table 2 that the C5 alkyl tail of DIF-I (compound 6, Table 2 ) represents the optimum chain length for bioactivity, although homologues differing by up to two methylene groups retained substantial activity. Thus DIF-2, the naturally occurring C4 homologue (compound 4), had 4000 of the specific activity of DIF-1, and the C6 homologue (compound 13) had 14% activity. The exact configuration of the alkyl tail does not seem to be critical, since, in preliminary experiments, we found that the C4 and C5 isoalkyl compounds (2-methylpropyl and 3-methylbutyl) had a potency similar to that of their straight-chain isomers (results not shown). By contrast, the pattern of ring substitution is critical for bioactivity: with the exception of chlorine --bromine exchange (compound 8, Table 2 ), which may be regarded as a conservative change, all modifications in the substitution of the benzene ring result in at least a 100-fold decrease in potency. Thus the 6-methoxy isomer of DIF-1 and the trihydroxy analogue possessed 0.15 and 0.4 respectively of DIF-1 bioactivity (compounds 5 and 9 respectively, Table 2 ). Since these two analogues are of broadly similar activity, it seems that the decrease in activity of the 6-methoxy isomer can be ascribed to a lack of 4-methoxy substitution rather than the presence of the 6-methoxy group. Monochloro DIF-I (i.e. DIF-3) is much less active than DIF-1; further, there is a greater than 104-fold decrease in activity in going from the trihydroxy compound to its non-chlorinated analogue (compounds 9 and 10, Table  2 ).
One purpose of the synthetic programme was to obtain DIF antagonists. Compounds were tested at concentrations below those which induce stalk-cell differentiation, but none were found to antagonize DIF-1 activity. No synergy between DIF-I and any of its analogues was observed.
DISCUSSION
The identification of DIFs 1-3 (Morris et al., 1987 (Morris et al., , 1988 has opened a number of new avenues for research. These include a search for the DIF receptor and transduction pathway to gene expression (Gross et al., 1983; Williams et al., 1987) DIF-1 has a number of important biological actions, including induction of stalk-cell differentiation, suppression of spore-cell differentiation and the rapid induction of specific mRNA transcription (see Jermyn et al., 1987; Williams et al., 1987) . A number of analogues of DIF-I can now readily be obtained by simple synthetic procedures. For example, by using only three separate Hoesch reactions, followed by chlorination, a potency series of DIF analogues covering a 106-fold range in specific activity is now available. In order of potency these compounds are DIF-I > DIF-2 > desmethoxyhydroxy-DIF-l, orthomethoxy-DIF-I1> 2,4,6-trihydroxyphenyl-hexan-lone (compounds 6, 4, 9, 5 and 10 respectively in Table 2 
